Polycrystalline thin-films of Zn 1Àx Mg x O (0 x 0:36) have been prepared by a sol-gel method and a spin-coating technique. In this work, the authors investigate the effects of the Mg addition on crystallization, microstructure and optical properties for ZnO thin films. Mg was incorporated into ZnO thin films that were deposited onto glass substrates by a spin coating technique. The as-deposited films were preheated at 300 C for 10 min and then annealed at 500 C for 1 h. The results show that addition of Mg-species in ZnO films markedly decreased surface roughness, improved transparency in the visible range and increased resistivity. Among the Zn 1Àx Mg x O films investigated in the present study, the Zn 0:8 Mg 0:2 O thin film exhibited the best properties, namely single wurzite phase, an optical transmittance of 94.7%, an RMS roughness of 1.63 nm and a resistivity of 8:3 Â 10 5 -cm.
Introduction
Wide bandgap (> 3 eV) transparent conductive oxides (TCO), such as zinc oxide (ZnO), tin oxide (SnO 2 ) and indium tin oxide (ITO), have been extensively used to make environmentally sustainable energy components and opticalelectrical systems. 1) Among these materials, ZnO prepared at low temperatures has properties including non-toxicity, high transparency, and high crystallinity. It has become a promising candidate for novel device applications, such as transparent electronics 2) and flexible displays. 3) Owing to its unique electrical and optical properties, it has been popularly used in varistors, chemical sensors, piezoelectric devices, etc. Recently, ZnO thin films have attracted interest for solar cell and flat panel display (FPD) applications, such as window layers for thin film solar cells, 4) transparent conductive layers for touch panels 5) and active channel layers for thin-film transistors (TFTs). 6) ZnO is an n-type oxide semiconductor material with a direct wide bandgap of 3.35 eV. Its electrical characteristics can be controlled by doping or by incorporating ternary elements, 7, 8) such as Al, In, Ga etc. The carrier mobility of pure ZnO exceeds the field effect mobility of hydrogenated amorphous silicon (a-Si:H), which serves as an active channel layer material in typical TFT arrays. In addition, polycrystalline ZnO films can be prepared in a normal atmosphere. Because ZnO-based materials may replace amorphous silicon for active layer applications, this subject presently attracts much attention.
The solution-based process offers a simple and low cost thin film deposition method as an alternative to vacuum deposition techniques (PVD or CVD). Oxide semiconductor formed from the solution process may improve the manufacturing throughput of microelectrical devices by enabling maskless processes, including inkjet printing and selective electroless plating, etc.
9) The sol-gel method is one of common solution processes that is popularly used for polycrystalline oxide thin film deposition. 10, 11) ZnO-based semiconductor films have been shown to be suitable for service as TFT active channel layers. [12] [13] [14] [15] Kwon et al. 16) indicated that to control the carrier density of the active layer in a ZnO-based TFT is a challenge, because the active layer supplies high carrier density that will be conducting when an applied gate voltage is absent. The ionic radius of Mg 2þ (0.065 nm) is smaller than Zn 2þ (0.074 nm), and thus the solid solubility limit of MgO in ZnO can approach 40 at%. 17, 18) The incorporation of Mg into ZnO films tends to decrease the interstitial oxygen vacancies 19) and electron density. 20) Many reports have demonstrated that the solubility limit of Mg content in Zn 1Àx Mg x O films strongly depends on deposition or growth technique, e.g. PLD, 18, 21) sputtering, 22) MOVPE, 17) and sol-gel method. 23, 24) In the present study, polycrystalline Zn 1Àx Mg x O thin films were fabricated by a sol-gel method and a spin coating technique; the effects of Mg additions on crystallinity, microstructure, and optical properties were investigated. Moreover, these thin films' electrical characteristics were tested to determine whether these films could serve as TFTs active channel layers.
Experimental
To 2 ) using spin coating at a speed of 3000 rpm for 30 seconds. The as-coated films were preheated at 300 C for 10 mins immediately after coating. After repeating the coating procedure three times, the films were annealed in a tube furnace at 500 C for 1 h in air. After the annealing step, X-ray diffractometry (XRD, MAC Science MXP3, Japan) was used to examine the crystallinity levels of the pure ZnO and Mg incorporated ZnO thin films. The surface morphology and microstructure of each Zn 1Àx Mg x O film were observed by scanning electron microscopy (SEM, HITACHI S-4800, Japan). A scanning probe microscope (SPM, Digital Instrument NS4/D3100CL, Germany) was used to analyze the surface roughness levels of the films. The resistivities were measured by a high resistivity meter (MCP-HT450, DIA INSTRUMENTS CO., LTD, Japan). Moreover, optical transmittance spectra of these films were examined by a spectrophotometer (Mini-D2T, Ocean Optics Inc., USA).
In this study, Zn 1Àx Mg x O films served as the active channel layers of TFTs. Figure 6 (a) shows a schematic diagram of a TFT with a Zn 1Àx Mg x O active layer. The simple bottom-gate structure devices were fabricated by a hybrid method that combined the standard micro-electrical fabrication process and a solution-based process. Spin coating finished each Zn 1Àx Mg x O TFT by depositing a Zn 1Àx Mg x O thin film onto the multilayer MoW/SiO 2 /ITO structure. The I D -V D characteristics of the transistors with Zn 1Àx Mg x O active channel layers were measured in a dark room using a semiconductor parameter analyzer (HP 4155B, USA). (002) and (101). All Zn 1Àx Mg x O (x ¼ 0{0:36) gel films were preheated at 300 C and then annealed at 500 C, producing polycrystalline films with hexagonal wurzite structure (Zincite, JCPDS 36-1451). X-ray diffractographs of Zn 1Àx Mg x O films show that the intensity of diffraction peaks decrease with increasing Mg content, viz. Mg incorporated within ZnO films caused the crystallinity to degenerate. The Zn 0:8 Mg 0:2 O film shows a highly c-axis oriented (002) peak (curve (b) in Fig. 1 ). To estimate the average crystallite size (d) of these samples, Scherrer's formula 25) is used;
Results and Discussion
where is the X-ray wavelength of 0.154 nm, B is the Bragg diffraction angle and B is the FWHM (full width at half maximum) of B . The calculated average crystallite size of Zn 1Àx Mg x O films are summarized in Table 1 23) demonstrated that when the Mg content exceeded 0.36, the MgO phase segregation would occur at 800 C. In their study, the Zn 1Àx Mg x O films were fabricated by sol-gel method.
After Mg incorporation, slight shifts are observed in the (002) and (001) peaks. The lattice parameters of a-and c-axes were calculated using a ¼ = ffiffi ffi 3 p sin and c ¼ = sin , respectively. Figure 2(a) shows the two lattice parameters as a function of Mg content. Results indicate that Mg 2þ substituted for Zn 2þ can increase the a-axis length from 0.3224 to 0.3240 nm and decrease c-axis length from 0.5195 to 0.5167 nm, when the x-value is below 0.3. It may be the case that Mg substitution increases the strain in the lattice. 27) In films with up to $33 at% Mg incorporation, the lattice parameters that changed were opposite to the parameters that changed in single-phase samples. Spin coating is a simple oxide thin film deposition technique, but it requires soluble types of reagents. It is possible to control the film thickness by merely adjusting the solution viscosity or coating times. The plane view of an SEM image of an annealed pure ZnO film shows fiber-like streaks or wrinkles (Fig. 3(a) ). However, the incorporated samples do not display that appearance, as can be seen from the surface image of Zn 0:8 Mg 0:2 O film (Fig. 3(c) ). According to a previous report, 28 Figs. 3(b) and 3(d) , respectively. Figure 3(b) is an SEM micrograph of the ZnO film that shows its average thickness is about 140 nm. Figure 3(d) shows that the average thickness of incorporated films is about 150 nm and addition of Mg-species to the ZnO films markedly improved the surface flatness and enhanced the uniformity of film thickness. This SEM image ( Fig. 3(d) ) also reveals that Mg incorporation in ZnO films can reduce the average crystallite size; XRD measurements confirm this finding.
When Mg incorporates with a ZnO thin film, it influences the surface morphology. It is apparent that Mg substitution in ZnO film causes a decrease in average crystallite size, which in turn causes a reduction of surface roughness. Table 1 presents the values of RMS roughness of Zn 1Àx Mg x O thin films, and shows that Mg incorporation yields a significant improvement of surface roughness. Figure 4 shows the Figure 5(a) shows the optical transmittance spectra of the Zn 1Àx Mg x O thin films examined at room temperature. All samples showed sharp absorption edges in the UV region and these absorption edges shifted to shorter wavelengths when the ZnO thin films were augmented with Mg. A previous study reported that the absorption maxima of Zn 1Àx Mg x O films blueshifted as a function of the Mg content. 13) For the pure ZnO film, optical transmittance in the visible range was about 80% and the exhibited absorption edge approached 362 nm. Table 1 presents the transmittance levels at a wavelength of 550 nm; Mg incorporated samples show higher transparency levels than the pure ZnO sample. However, the transmittance was lower for higher Mg content samples, with x ! 0:3, than for the x ¼ 0:2 sample. This result is in good agreement with the results of XRD, SEM and SPM and relates to MgO phase segregation. In this study, the Zn 0:8 Mg 0:2 O sample exhibited 94.7% transparency, which was the best transparency among incorporated samples and gave an increase of about 13.5% over the pure ZnO sample.
In direct bandgap semiconductors, the absorption edge can be analyzed by the relation; 29) ðhÞ
where is the absorption coefficient, h is the photon energy, A is a constant and E g is the optical bandgap. The absorption coefficient () in the UV region of these Zn 1Àx Mg x O thin films can be calculated from I ¼ I o e Àt , 30) where I is intensity of the transmitted light, I o is the intensity of incident light and t is the thickness of the Zn 1Àx Mg x O films. Figure 5(b) is the plot of ðhÞ 2 vs. photon energy. These curves are evaluated from the transmittance spectra in Fig. 5(a) . Extrapolation methods can determine the optical bandgaps of Zn 1Àx Mg x O thin films. The optical bandgap values (E g ) listed in Table 1 show the bandgap increased with Mg content, from 3.24 eV to 3.52 eV, for 0 x 0:3. Cohen et al. 20) have indicated that E g values of Zn 1Àx Mg x O increases further to 3.64 eV due to the Burstein-Moss shift. 31) In films with x values exceeding 0.3 the E g approaches 3.47 eV. It is possible that second phase segregation caused this effect.
ZnO exhibits wide-range conductivity; its behavior ranges from metallic to insulating. Its electrical characteristics can be controlled by doping with ternary elements or adjusted process conditions. 32) have reported that when Mg is doped into ZnO, interstitial metal atom and oxygen vacancies can be depressed. A Mg-doped ZnO film's appearance increases its resistivity.
An MgO formation as a secondary phase above the solubility limit of Zn 1Àx Mg x O phase can cause degeneration of crystallinity, electrical and optical properties. The present research suggests that, in order to make sure the Zn 1Àx Mg x O film possesses pure hexagonal crystal structure, the Mg 2þ content should not be greater than x ¼ 0:3. A single-phase, defect-free polycrystalline semiconductor thin film with uniform thickness and a flat surface can serve as an active channel layer for carrier propagation from source to drain ( Fig. 6(a) ). Figure 7 shows the drain current-drain voltage (I D -V D ) characteristics of Zn 1Àx Mg x O TFTs. It shows that these field effect transistors operated in an n-type enhancement mode and the drain current increases with positive gate bias. Further, the slope of each I D curve is flat and exhibits a hard saturation for large V D region. Hoffaman et al. 33) have indicated that hard saturation can deplete the entire layer of the ZnO-based active channel of free electrons and that large output impedance is desirable for most circuit applications. The field-effect mobility of TFT devices depend on the saturated current. Therefore, the Zn 0:8 Mg 0:2 O TFTs exhibit the best performance among our samples, according to I D -V D characteristics.
Conclusions
Magnesium substituted zinc oxide thin films have been prepared successfully by solution-based process that combined a sol-gel method and a spin-coating technique. The heat-treated films that have less than 0. 
